INTRODUCTION
X-ray backscatter tomography (XBT) is a relatively new radiographic NDE technology unique among x-ray methods in that it is applicable with access to only one side of an object [1, 2] . This niakes x-ray tomography possible in applications where computed tomography (CT) is precluded by the object's inaccessibility, size, or aspect ratio. In the course of developing an XBT system for the underwater inspection of naval sonar domes [3] , we have investigated other applications that exploit this capability. One such application is the evaluation of porosity distribution in porous metal plates.
Novel porous materials have been produced by a liquid metal-gas eutectic process (gasar), the parameters of which can be varied to affect pore size and spacing. These materials are interesting since they are lighter and can retain a significant fraction of the solid metal strength even at relatively Iarge pore volume fractions. Moreover, the observed range of properties for a given pore volume fraction has prompted investigations of pore morphology and interactions. A nondestructive means of evaluating the porosity distribution would augment the current metallographic and mechanical testing studies.
In the present study, x-ray backscatter data was acquired from plates of gasarprocessed magnesium with known pore volume fractions and from a control plate with no porosity. The plates were inspected using a commercially available scanner. Results using direct tomographic imaging methods are presented and compared with ultrasonic testing.
THEORY
The XBT process is based upon the Compton scattering interaction between incident x-ray photons and a material's free electrons. The interaction results in a change in the photon's direction and energy. The photon paths from the source to a detector can be divided into three stages which determine their contribution to the measured signal. The first stage is the photons' travel from the source to the scattering point. In a homogeneous material, x-rays are attenuated according to the Beer-Bougher Iaw:
where I 1 and I 0 are the transmitted and incident flux, respectively, J.t(E) is the linear attenuation coefficient of the material for photons of energy E, and x is the material thickness. The second stage of signal development is the scattering toward the detector, a function of energy, scatter angle, and electron density. The third stage is the transport of the back-scattered photons through the material towards the detector. Here the signal is further attenuated, as in (l).lt can be shown [4] that the signal intensity corresponding to a point P is (2) where: k is a system parameter encompassing multiplicative parameters constant in a given inspection set-up; p(P) is the physical density at point P; x and x' are the path Iengths ofthe primary and scattered rays. According to (2) we can expect an unambiguous interpretation of the signal as a function of the material density. In fact, this is our experience with homogeneous materials.
Non-homogeneous materials (or those with non-planar surfaces) present a different problem. In these cases Jl is a function ofposition, which requires.that the attenuation terms be integrated over the path lengths involved. Equation (2) becomes
Object features outside the voxel at P are thus represented in the measurement I(P), causing artifacts in the resulting imagery which are subject to interpretation. For simplicity we have assumed a monoenergetic x-ray source and thus ignored additional effects due to the preferential absorption of low energy photons from a polyenergetic source.
Although attenuation and superposition effects Iimit the inspection depth in dense or highly structured objects, in Iow density, homogeneous, thin, or Iayered materials, these effects are minimal. When a priori information about the material is available as an aid to interpretation, or when the superposition artifacts do not interfere with the flaw image, even non-homogeneous materials can benefit from XBT. 
BACKSCATTER IMAGING SYSTEM
The number of x-ray photons scattered from a volume element (voxel) within an object is a function of the voxel's density. Images, maps of density as a function of position, can be created from the measured backscatter signals using various scanning and detection geometries. Wehave based our inspection system on a comrnercially available scanner, Philips ComScantm. This instrument contains two arrays of eleven slit collimated detectors located on either side of a beam aperture to provide 22 independent overlapping tomographs in one pass of the scanner. Figure 1 illustrates the concept, showing only one array of detectors. Detector apertures are changeable to vary the total scanning depth and resolution for different applications. The scanner head and 0.4 mrn beam aperture are traversed under program control to cover a region of interest (ROI) up to 50 mrn x 100 mrn in one pass. Scanning speed is programrnable. The x-ray subsystem is typically operated at 160 kilovolts and 18.7 milliamperes. In the digital data produced, each voxel is represented by 12 bits.
POROUS MET ALS
Porous metals are engineered materials that are of interest due to the ability to tailor their bulk density, stiffness, permeability, thermal conductivity and damping. They can be Figure 2 . Various gas-solid structures formed by the gasar process [6] .
T Advances in the control of pore morphology prornise to allow the selection of anisotropic properties for particular engineering applications [5] . The recently developed gasar method involves charging a melt with hydrogen and solidification while controlling the temperature gradient and the gas pressure over the melt [6] . Gasar materials are of particular interest due to the controllability of the size, shape, and orientation of the pores over a wide range, as shown in Figure 2 , and because they can retain a high fraction of the solid metal strength at relatively high pore volume fractions.
EVALUATION OF GAS AR PROCESSED MAGNESIUM PLATES
We have conducted a prelirninary investigation of XBT to nondestructively deterrnine the porosity distribution in gasar-processed magnesium plates. Such a capability would be useful for developing improvements in the process. Four gasar-processed magnesium plates were obtained with differing pore volume fractions. The samples were scanned using the ComScan instrument and the data was processed using a PC and MATLAB software.
ComScan data from each of the four gasar magnesium plates were processed and printed out as twenty-two tomographs representing overlapping slices over a thickness of 5 mm and a 50 mm swath across the sample's width of70 mm. Data from an aluminum calibration block were used to correct for variations among detector channels and background gradients due to scanning beam and detector geometry.
The XBT images were compared with ultrasonic C-scans. The plates were weighed, their dimensions were measured, and their densities and porosities were calculated with results as shown in Table 1 . Note that the calculated porosities differ from the nominal values obtained from the manufacturer. We will use the nominal values here for sample identification.
RESULTS
Qualitatively, a number of the tomographs indicate non-homogeneaus distributions of porosity in the plate specimens. For example, Figure 3 shows one representative tomograph from each of the four plates. In these images, bright areas represent high scatter signals corresponding to high material density and dark areas represent low density regions indicating areas of greater porosity. Note that a density gradient appears even in the 0% specimen. The 9.9% specimen contains a circular low density area in the center surrounded by a high density ring. The 18.5% specimen contains a high density center. The 25.8 % specimen contains irregular variations in density. Additional processing by smoothing and increasing contrast reveals small bright areas (Figure 4 ) which may correspond to small void free regionsseenon micrographs of the sample' s surface ( Figure 5 ). Ultrasonic Cscans done at 10 MHz and 2.25 MHz ( Figure 6 ) were used for comparison. The differences between the C-scan and XBT images are due to the difference in the responses of the two systems. In the UT images, the response to metallurgical features such as grain size and orientation is superimposed upon the response to porosity. The XBT system responds only to density.
CONCLUSION
Wehave shown that x-ray backscatter tomography can be used to monitor porosity distribution in gasar-processed meta! plates. We observe that the x-ray tomographs provide simple images representing the material density without the Superposition of metallurgical features presumed to be the source of structural detail seen in UT images. A destructive analysis of the plates is planned that will permit correlation of metallography and mechanical testing results with the x-ray and UT data. We propose that a quantitative XBT evaluation could be developed based on a calibration using appropriate material standards.
